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Abstract. Groups of spatially distributed wells
interconnected by sections of pipelines (a common
collector) supplying water to a clean water reser-
voir are used in water supply systems in order to
provide drinking water to settlements. A group of
wells together with a clean water reservoir is called
a water intake facility of the water supply system.
Further, water is supplied from the clean water
reservoir to consumers in settlements by means of
second stage pumping stations. In terms of each
well the operating mode of the submersible pump-
ing unit, i.e. the position of its operating point at a
fixed moment in time, depends on the actual values
of many internal and external factors: dynamic
water level in the well; the actual characteristics of
the pumping unit; the position of the final control
elements (drive speed, opening degree of the regu-
lating valve); hydraulic resistances of pipeline
sections of the water intake facility; the water level
in the clean water reservoir; the number and oper-
ating modes of pumping units in other wells of the
water intake facility.

The paper describes a deterministic model of a
water intake well. At the same time, the processes
of water consumption are random processes, since
they depend on many uncontrolled and unmanage-
able factors. The parameters of the technological
equipment of the water intake facility are also ran-
dom values, since they are estimated from experi-
mental data of finite length.

Therefore, a stochastic model of a water intake
well is also proposed. A model of a quasi-
stationary operation mode of a water intake facili-
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ty, which is used to optimize the operation of a
group of artesian wells operating on a common
collector, is considered.
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INTRODUCTION

Water supply to large cities is carried out,
as a rule, from surface water bodies - lakes,
storage lakes, large rivers, that is, from sources
with significant water reserves. In this case,
the water supply scheme includes: first stage
pumping stations, which take water directly
from the surface water bodies; water treatment
(purification) system; second stage and third
stage pumping stations, which pump clean
water over long distances and deliver it to set-
tlements.

In case the settlement is located in an area
where there are no large open water sources,
or the geographical position of the settlement
allows the use of groundwater, in this case,
artesian wells are used as a source of water
supply. Usually small settlements are supplied
with water from artesian wells. Artesian wells
are widely used for water supply to villages,
industrial water supply, for irrigation (irriga-
tion systems), in the mining industry, for low-
ering the level of groundwater. The advantage
of using artesian wells to supply the popula-
tion with drinking water is that water is ex-
tracted from great depths and purified using
natural filters. Thus, the cost of water treat-
ment is significantly reduced. The disad-
vantages of using artesian wells are usually
low well productivity, a strong dependence of
the well water volume on climatic and weather
conditions, well depletion as a result of large-
scale construction projects or the extraction of
natural resources, such as shale gas.

ANALYSIS OF RECENT RESEARCH
AND PUBLICATIONS

In the [1] scientific paper, the mutual influ-
ence of a group of interacting wells is consid-
ered to assess their productivity. The model of
a group of wells is based on the analysis of the
distances between them and is implemented in
the SUMULINK environment. These studies
are useful for well design, but they do not con-
sider the possibility of optimizing the opera-
tion of a group of wells.

The [2] scientific paper solves the problem
of determining the optimal set of operating
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equipment, but does not take into account two-
zone or three-zone tariffs for electricity.

The [3] scientific paper considers the opti-
mization of the operation of a group of wells
for a two-zone tariff for electricity by turning
on/off the pumps, but does not investigate the
influence of the pumps on each other during
simultaneous operation.

In the [4] scientific paper, the operation of
the well is optimized by changing the pump
suspension height. However, such measures
are suitable for one well and will be technical-
ly difficult to implement for a group of wells.

In the [5] scientific paper, methods for op-
timizing well performance based on monitor-
ing well parameters and real-time control are
considered. These results are important for
highly sophisticated wells. In addition, the
research is devoted to oil wells. For artesian
water wells, such methods would be too cost-
ly.

In the [6] scientific paper, operation of a
group of wells is considered, the optimization
is carried out in terms of the well rate.

All of the above mentioned scientific pa-
pers are devoted to modeling and optimization
of well operation, but each has its own ap-
proach to solving this problem.

In this paper, we propose the following ap-
proach to optimizing the operation of a group
of artesian wells: choosing the optimal operat-
ing mode of the entire system by calibrating
the pumping units on the wells to achieve their
coordinated operation.

THE AIM OF THE STUDY

The purpose of the scientific paper is to
build a stochastic model of quasi-stationary
operation modes of the water-intake facility
and use the resulting model to optimize its
operation.

The following tasks were solved in the fur-
therance of this purpose:

o formulation of a deterministic mathemat-
ical model of an artesian well;

e formulation of a stochastic mathematical
model of an artesian well;

e formulation of a stochastic model of the
water-intake facility operation;
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e development of a method for optimizing
the operating modes of a water-intake facility
with artesian wells;

e carrying out a computational experiment
in order to optimize the operating modes of the
water-intake facility with artesian wells.

RESULTS OF THE RESEARCH

Individual water-intake wells are widely
used in individual farms. Productive efficiency
of individual wells becomes insufficient for
providing water to settlements, therefore,
groups (clusters) of spatially distributed wells
are used in water supply systems, intercon-
nected by sections of pipelines (a common
collector), supplying water to a filtered-water
reservoir (FWR). A group of wells together
with an FWR is called a water-intake facility
(WIF) of the water supply system (WSS). Fur-
ther, water is supplied to consumers in settle-
ments from the FWR by second stage pumping
stations (PS). The operating mode of the
pumping unit (PU), that is, the position of the
operating point at each moment of time in each
well depends on the actual values of many
internal and external factors: dynamic water
level in the well; actual characteristics of a PU;
the position of the regulating bodies (drive
speed, opening degree of the control valve);
hydraulic resistances of the air intake pipelines
sections; water level in the FWR; the number
and modes of a PU operation in other wells of
the WIF. [7 — 10].

Deterministic water well model

Electrical centrifugal water pumping
(ECWP) units are widely used for water sup-
ply from wells. Without loss of generality, let
us consider the main characteristics of these
units. ECWP units are designed to supply wa-
ter from wells: with total salinity (dry residue)
of max. 1500 mg / I; with a hydrogen index
(pH) from 6.5 to 9.5; with temperatures up to
25 °C; with 0.01% (100 g/m3) mass fraction of
solid mechanical impurities; max. 350 mg/l
chloride content; max. 500 mg/I sulfates, 1.5
mg / | hydrogen sulfide. The units can be used
for municipal, industrial and agricultural water
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supply, for irrigation, lowering the groundwa-
ter level and for daily living needs. The unit
size designation includes the ECWP letters,
which mean: E — driven by a submersible elec-
tric motor; C — centrifugal; WP — for water
pumping (supply) plus numbers, for example
ECWP 8-40-90, consecutively indicating: 8 —
allowable casing string diameter in inches (di-
ameter in mm, reduced 25 times and rounded,
i.e. 8 * 25 = 200mm; 40 — nominal flow rate
(in m3/ h); 90 — pressure (in m) corresponding
to the nominal flow. Pumping units are manu-
factured in three versions:

e ECWP unit in standard design;

e ECWP unit with the letter S (body
parts made of stainless steel);

e ECWP with the letters SSI (body parts
made of stainless steel, impellers made
of stainless steel, graphite thrust bear-
ing).

Specifications for ECWP 8-40-90. Mini-
mum allowable well Casing string diameter in
inches (diameter in mm, reduced 25 times and
rounded) — 8 ”(inches). Rated water supply is
40 m3/h. Nominal water pressure (clearance
height) is 90 m. Rated power is 16 kW. Rated
current is 36 A. Unit weight is 104 kg. Pump
length is 1600 mm. Number of pump stages is
8. Connection method is a steel pipe according
to GOST 8732-78 108 * 8, outer diameter
108.0 mm, pipe wall thickness 8.0 mm. The
units operate in continuous mode from a 3-
phase alternating current network with 380 V
voltage and 50 Hz frequency.

The PU consists of a centrifugal pump and
a submersible electric motor. There is a mesh,
that serves to retain large particles contained in
the pumped out water, on the suction part of
the unit. Each stage (section) of the pump con-
sists of a cage, an impeller and a vane outlet.
The position of the impellers on the shaft is
fixed with keys, spacers and protective
sleeves. The pump shaft rotates in radial plain
bearings, which are lubricated by the pumped
water. A check valve is located in the upper
part of the pump, which serves to retain the
liquid column in the riser pipes when the pump
stops and ensures a smooth start during repeat-
ed starts. The diagram of a pumping unit in-
stallation in the well is shown in Fig. 1 [14].
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Fig. 1. The diagram of a pumping unit installation in the water-intake well

The Fig.1 has the following designations:
FWR - filtered-water reservoir, SPU — sub-
mersible pumping unit, CP- centrifugal pump,
SEM — submersible electrical motor; lspu —
SPU length; RV — regulating valve; the geo-
detic marks, respectively, are the following:
mouth (ground surfaces) of a water-intake well

~ h®, CP - hS; FWR — h$, well depth —
h,, SPU immersion (installation) depth —

hspy ; pressure: at the outlet (mouth) of the
water intake well — H,,; pressure developed
by a CP — Hcp; water levels: in a FWR —
Hewr s static level in the well (with zero water
withdrawal) — H;; dynamic level in the well
(at nominal water withdrawal) — Hgy,; CP

suction head level — ng.
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When constructing a deterministic mathe-
matical model of a water-intake well, it is as-
sumed that all parameters of a water-intake
well are known a priori. This allows you to
determine the model of the water-intake well
operation in the form of an interconnected
system of algebraic equations of the following
type:

CP geodesic mark:

hGp =h —h$py —0,5l5py - (1)

CP suction head level:
h G
Hep =hep —Hgyp - 2)

Pressure developed by a CP:
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Hep(Q) =8+, -Q+a,-Q%.  (3)

CP power expenditure:
Nep(Q) =Co+¢-Q+¢,-Q%  (4)
CP efficiency coefficient:
n(Q=d+d-Q+d-Q, ()

where Q — water consumed through a CP,
ag,8,8,C,C;,Cy,dg,d;,d, — numerical val-
ues of a CP parameters. The pressure loss H in

the pipeline section H = H (Q) is determined
by the following expression

H(Q) =sgn(Q)-¢-[Qf*. (6)

where Q — water flow through the pipeline
section [m? / sec];

sgn (Q) —Q sign ; ¢ >0 — hydraulic resistance
of a pipeline section;
x >0 — K-rating factor.

The RV pressure loss in the H pipeline sec-
tion is the following

Hy =E%SQH(Q)-IQ|, @)

where C — equivalent hydraulic resistance of
the P3 in the "open" position;

Ev € (0,1] — RV opening level, where Ey = 1
in the "open" position; Ev =0 in the "close"
position.

If the value of the water flow rate through
the CP Q is known, then the pressure value at
the outlet (mouth) of the well is determined by
the following expression

h
Hy =Hecp +Hep —H —Hy . (8)
Also, there are following relations:

HY >1m, 9)
Hst S den = hSPU : (10)
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Stochastic model of a water well

Water consumption processes are random
processes, as they depend on many unmanage-
able and uncontrollable factors. The parame-
ters of the WIF technological equipment are
also random values, since they are estimated
from experimental data of finite length [6]. We
introduce a number of designations in order to
construct stochastic models of the WIF techno-
logical elements: let us take (Q,B,P)- as

Descartes’s  product
(Qi'Bi’PI)' i=l,2,...,n,

Q=0 xQy x..xQ,, B=B;xB,x...xB,,
P=P xP,x..xR,, where Q;— sample space;
B, — o - algebra of events from Q;;P; -
probability measure at B,) [11 — 13]. Then the

stochastic model of the water-intake well has
the following form:

wa»=r%pw»+HcMmy—Hm»—aD
—Hv (03)-

Hep (O(0)) = ap(w) + a (0)O(w) +
+8, (0)Q% ().

H(Q()) =sgn(Q) - ¢(»)-|Q(w)[* (13)

Cg%@@wm@|<m

v
HE (0) = ip(0) - H dyn (®) . (15)

probability  space

(12)

Hy (o) =

Stochastic model of a WIF

In mathematical modeling and optimization
of the WIF operation modes, we will use a
stochastic model of the quasi-stationary WIF
operating modes [7 — 9].

We will represent the WIF structure in the
form of the G (V, E) digraph, where V — is the
set of vertices, E — is the set of arcs (e = Card
(E), v = Card (V), the real WIF is supplement-
ed by a zero vertex and fictitious chords that
connect vertex zero with all inputs (wells) and
its output (FWR).
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Let us consider a WIF with several artesian
wells (Fig.2).

The following WIF coding is done for the
mathematical formulation of the problem: the
graph tree is chosen so that the fictitious sec-
tions of the network become chords, while the
real sections become partly chords and partly
branches of the tree. The branches of a tree
with a pump are assigned number 1, other
branches are assigned from 2 to v-1, the
chords of real sections are assigned from v to
v+mn, —1, the chords of fictitious sections are

assigned with given nodal flows from v+n,
to v+n,+& —1, the chords of fictitious sec-

tions are assigned with given pressure from
V+m,+& to e, where n, — is the number of

chords of real sections, &; — is the number out-
puts with given nodal flow rates.

ég@

PS CWT

- | Y.
To the sity

y

I
éé 3
N

Fig. 2. WIF layout

In this case, the stochastic model of the
quasi-stationary WIF operating modes will be
of the following form[13]:

v-1
M (H Q) + 3 buiH; (Qw)) =
® i-1

(r=v,...,v+n,-1), (16)
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M (hf ()~ Hey(0) +

v-1
+> b He (Q(w)) +h¥)) =
i=1

(r=v+ng,..v+m +& -1, (@7)

M (Hr (O(w)+h? —Hgj(o0)+

+H (o) +Zv: b (Hi (O(w)) +hig )j =
i=1

(r=v+mn,+¢&,...6; j=1..,n) @18)

V4,1

M(q.( )= ( > byiQr (@) +

r=

e (19)
2 blriQr((D)J, (i=1...,v-1).

F=viny
P(hic(co)zhi+)2a, (az1),

i=(V+n,..., VI, +& -1, (20)

P(Qi(®)>0)=B,(B=D),ieN, (21)
Hyj(0) = ngj (©) +Hepj () -
—Hj(®)-Hyj(®), (j=1..,n).
Hepi (05 () = ag(0) + a1 j(0)Q; (@) +
+8, (0)Q;*(®), (j=L....n).

(22)

(23)

H,(Q, (@) =5gn(0,)-4,()-0, ()"

k=@...v+n, —1)u(v+n2 +&1,...,€) .(24)
)sgn@,) 1Qj ().

VJ
(j=1...,n). (25)

H{p; (0) = hp; (0) — Hyynj ().
(J=1...n), (26)

Hy; (@)=

where random variables characterize the fol-
lowing: Q;(w) —water consumption at the j-

section of the pipeline; hS (o) — free pressure
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in the WIF r-node
(r=v+mny,...,v+n, +& —1); h' — the mini-
mum admissible pressure in the WIF r-node;
h® — geodetic mark of the i-section of the
pipeline (ieM); by,; —element of the cy-
clomatic matrix; H,(w)— pressure at the out-
put of the 1st source; Hy; (w) — pressure at the

output of the j-source (j=2,...,n)€; n—is the
number of wells.

We will use this WIF mathematical model
to simulate and optimize the WIF operating
modes.

Stochastic model of the task on optimizing
the WIF operating modes

When a group of wells is operating on a
common reservoir, a specific problem arises:
pumping units on wells can operate in such a
way that one pump is "squeezed" by another,
which reduces the productivity of the entire
WIF. To solve this problem, it is necessary to
optimize the WIF operation.

We take the total water supply by all the
WIF wells as a criterion by which we will op-
timize the WIF operation.

In words, the problem of optimizing the
WIF operating modes can be formulated as
follows: it is necessary to determine the pa-
rameters of the WIF processing equipment, at
which the total water supply by all the WIF
wells at a given control interval [0, T] will be
maximum. The parameters of the technologi-
cal equipment that we will take into account
are as follows: the operating points of the
pumping units (flow and head), the immersion
depth of the pumping units, and whether the
pumping unit is turned on or off for a certain
period of time[15 — 18].

The initial data for the task of optimizing
the WIF operating modes are as follows: the
control interval [0, T] (one day), which is di-
vided into 24 subintervals corresponding to
each hour of the control period k = 0, ..., 23.
At each k-subinterval of time, the measured
values of the water levels in the FWR are
known; the actual number of pumping units
(PU) switched on, and static data: the WIF
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structure lengths, diameters, geodetic marks of
the pipeline sections, estimates of the parame-
ters of the PU models at each well, the FWR

"
PS p8

- Plly, p2
To the sity
p13 p9
-
p10
5

Fig. 3. WIF design diagram (p 1-13 mean a
pipeline section, w1-6 mean wells)

physical dimensions [19 — 20].

The objective function of the problem on
optimizing the WIF operating modes per day
can be represented in the form of the mathe-
matical expectation of the total water supply
by all the WIF wells on the control interval
[0, T]:

23 n
M > > Quik(®) > max , (27)
O K=0ij=1 U(k)EQ

where n — number of wells, u(k) — control

vector. The € area of restrictions is deter-
mined by a stochastic model of quasi-
stationary WIF operating modes (16) — (26).

An example of a WIF operation simula-
tor investigation

As an example, consider a WIF consisting
of six artesian wells, a reservoir of clean water,
a second stage pumping station and pipeline
sections, the design diagram of which is shown
in Fig. 3.

Table 1 — 3 shows a specification the arte-
sian wells.

MaBOAHI TEXHOJOTr ¢ Bun.11 (2021), 56-66
npomMucnoBa Ta LUMBIiNbHa iHXeHepin



ABTOMaTM3allis1 Ta IpMIamo0y yBaHHSA

Table 1. Specification of the artesian wells

Parameters Well No
1 2 3 4 5 6
Diameter, mm 200 200 200 200 200 200
Depth, m 26 26 26 21,5 21,5 20
Static level depth, m 3 2 3 4 4 45
Depth of the pump immersion, m 17 15 20 18 18 18
Potential flow, m®/ h 30 35 20 25 25 25
Pump type ECWP ECWP ECWP ECWP ECWP ECWP
unit 8- unit 8- unit 8- unit 8- unit 8- | unit 8-40-
40-90 25-100 40-90 40-90 40-90 90
Electric motor type SEM 8- | SEM6- | SEM8- | SEM8- | SEM8- | SEM 8-
17 11 17 17 17 17
Unit efficiency,% 82 82 82 82 82 82
Geodetic mark of the well mouth, m 117,22 119 117,25 117,7 118 118,2
Geodetic mark of the pumping unit, m 97 104 97 100 100 100
H inlet, m ("level in the tank") 14 14 17 13 14 13,5

Table 2. Specification of the pipeline sections

Geodetic mark of the Geodetic mark of the
Pipeline section Diameter, mm Length, m | beginning of the section, | finish of the section,
m m

pl 100 76,73 117,22 117,3

p2 100 36,92 119 118,5

p3 100 27,24 117,25 117,3

p4 100 16,63 117,7 118,35

p5 100 49,33 118 118,5

p6 100 74,3 118,2 118,5

p7 200 44,31 118,35 118,5

p8 300 194,88 118,5 118,5

p9 500 77,25 118,5 118,5

pl0 500 10 118,5 118,5

pll 300 13800,71 118,5 105

pl2 300 13311,59 118,5 105

pl3 300 15 105 105

Table 3. Specification of the FWR
FWR volume, m? 1000 Calculation results

Geodetic mark of the bottom, m 106
Maximum water level, m 5
Minimum water level, m 1

MABOAHI TEXHOMNOTrII ¢ Bun.11 (2021), 56-66
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Tables 4 — 6 show the WIF parameters for var-
ious WIF operating modes.
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Table 4. WIF parameters for various operating modes

FWR initial level of 1,5 m

Consump- Consump-
All the wells Pressure after | Consumption in wells, tlo_n m_water t|o_n m_water .FWR
operate the PU. m m¥/h pipeline 1 pipeline 2 inflow,
’ before the before the m/h
FWR, mh FWR, m¥h
Well 1 75,59 46,52
Well 3 74,00 47,32
Well 4 73,04 47,35
Well 2 7161 33.35 134,51 132,16 266,67
Well 6 75,59 45,64
Well 5 74,60 46,48
Table 5. WIF parameters for various operating modes
FWR initial level of 3,75 m
Consump- Consump-
All the wells Pressure after | Consumption in wells, tion |r|1_water tion |r|1_water .FXVR
operate the PU. m mé/h pipeline 1 pipeline 2 inflow,
’ before the before the m3/h
FWR, m®h FWR, m®h
Well 1 79,70 44,15
Well 3 78,27 44,91
Well 4 77,35 4491
Well 2 7596 3212 125,62 127,86 253,48
Well 6 79,59 43,29
Well 5 78,73 44,10
Table 6. WIF parameters for various operating modes
FWR initial level of 4,89 m
Consump- Consump-
All the wells Pressure after | Consumption in wells, “0.” |r|1_water tlo_n |r|1_water .FXVR
operate the PU. m mé/h pipeline 1 pipeline 2 inflow,
P ’ before the before the m3/h
FWR, m¥nh FWR, m¥h
Well 1 80,05 43,94
Well 3 78,62 44,70
Well 4 77,71 44,70
Well 2 76.32 3201 127,29 125,06 252,34
Well 6 79,93 43,09
Well 5 79,08 43,90
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The Tables 4 - 6 show how the WIF param-
eters change for different initial water levels of
the FWR. The lower the initial water level of
the FWR, the greater the water supply by the
wells (water inflow into the FWR) and the
lower the pressure at the PU outlets. One of
the ways to further optimize the WIF operation
could be the use of a three-zone tariff for elec-
tricity and the use of the FWR capacity in a
wider range [8]; however, the results obtained
cast doubt on the feasibility of such an ap-
proach. This will be the focus of further re-
search.

DISCUSSION OF THE RESULTS
OF THE STUDY

As a result of handling the challenge of op-
timizing the WIF operating modes, such a
mode of the WIF operation and such parame-
ters of the technological equipment were
found, in which the pumping units in the wells
do not "strangle™ each other, but coherently
operate, while the water supply to the WIF is
maximum. The calculation results given in
Tab. 4 — 6, show the WIF optimal operating
mode, i.e. operating points of pumping units
on wells (columns 2, 3) and the maximum
water supply to the WIF (column 6) at differ-
ent water levels in the FWR.

CONCLUSIONS

A stochastic model of the WIF operation
modes is developed in this scientific paper.
The problem of optimizing a WIF operation
modes, which consists in the fact that it is nec-
essary to find such a WIF operation mode and
such parameters of the technological equip-
ment so that the water supply to the WIF is
maximum, was formulated and solved based
on this stochastic model. The calculation ex-
ample shows all the initial data for the problem
and the results of calculations.
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CroxacTuyeckasi MOJeJIb M MeTOJ ONTUMHU3ALUMA
PeKUMOB PadoThI IPYNIbI APTE3UAHCKUX
CKBa)KHH B CHCTEMAaX BOJOCHAOKeHH

Anopeii Tesswes, Onvea Mameuenxo,
I1e6 Huxumenxo

Annortauus. /s obGecrieueHus] MUTHEBOM BO-
JOW HAacelIE€HHBIX IIyHKTOB B CHCTEMax BOJOCHAO-
KEHHS HCIIOJIB3YIOT TPYMIBl [POCTPAHCTBEHHO
pacnpenenéHHbIX CKBaXHH, OObEAMHEHHBIX MEX-
Iy coboi ydacTkamMu TpyOOmpoBOoIOB (00ImuM
KOJIJIEKTOPOM), TIOAAIOLIMM BOJY B pe3epByap 4u-
CTOM BOABL I'pymma ckBaXMH COBMECTHO C PeE3ep-
ByapOM YHCTOW BOJBI Ha3bIBacTCs BON03a00pHBIM
y3JI0M cHcTeMbl BofocHa0xeHus. [lanee u3 pesep-
Byapa YUCTON BOJAblI HACOCHBIMHU CTAHIIUSIMH BTO-
poro moabéma Boja MOAAETCs MOTPEOUTENSIM B
HaCeJICHHbIE ITyHKTHI. PexuM paboThl HOrpyKHOTO
HACOCHOI'0 arperarta, T.€. IIOJIOKEHHUe ero padoueit
TOYKM B (PMKCUPOBAHHBIH MOMEHT BpPEMEHH, IS
KaXI0M CKBaXMHBI 3aBHCUT OT (DAKTUUECKUX 3Ha-
YEeHWH MHOKECTBA BHYTPEHHHMX M BHEIIHUX (akx-
TOPOB: TUHAMHWYCCKOI'0 YPOBHA BOABI B CKBAXXUHE;
(haKTHUECKUX XapaKTEPUCTHK HACOCHOTO arperara;
MIOJIOKEHUST PETYIUPYIOMHUX OpraHoB (000poTOB
MPUBOJIA, CTENEHU OTKPBITHS PEryJIHPYIOLIEeH 3a-
JIBUKKH); TUPABINYECKUX COIPOTUBIICHUI
Y4acTKOB TPYyOOIIPOBOJOB BOA03a00PHOTO Y37a;
YPOBHS BOZIBI B pe3epByape YUCTOI BOIBI; KOJIHYe-
CTBa U PCKUMOB pa6OTBI HACOCHBIX arperaros B
JPyTruX CKBaKMHAX BOJ03a0OPHOTO y3Ia.

B pabore mana nerepMHHHpOBaHHAas MOJIEIb
B0J103a00pHOM CKBaKMHBI. B TO ke BpeMs nporiec-
Cbl BOJIOTIOTPEOJICHUS  SIBJIIIOTCSA  CIydaiiHBIMU
MpoLeCCaMM, MOCKOJIBKY 3aBHCST OT MHOTMX He-
KOHTPOJMPYEMBIX M HEYIPaBIsIeMbIX (HaKTOPOB.
[MapamMeTpsl  TEXHOIOTHYECKOTO 00OpYI0BaHUS
B0/103a00pHOT0 y3/1a TaKKe SBILSIIOTCA CIy4alHBI-
MH BEJIMYHMHAMH, TaK KaK OLIEHHUBAIOTCA IO JKCIIe-
PUMCHTAJIbHBIM JJAHHBIM KOHEYHON JJIWHBI.

ITosToMy mpeuIokKeHa TakKe CTOXAaCTHYECKas
MOJIeJIb  BO103a00pHON CKBakMHBI PaccmoTpeHa
MOZENb KBAa3UCTALIOHAPHOTO peXHuMa paboTh
B0JI03a00pHOT0 y3i71a, KOTOpas UCIOIb3YeTCs JUls
ONTUMM3ALUN paboThl TPYNIBl apTEe3UAHCKUX
CKBa)XKMH, pabOTaIomuX Ha OOLIMKA KOJUIEKTOP.

KnioueBble cioBa: apTe3naHCKas CKBaXHHA,
cucTeMa BOAOCHAOXXEHHS; ONTHUMM3ALUs; CTOXa-
CTHYecKass MOJelib, HACOCHBIH arperar, BOaO03a-
OOpHBIH y3ed.
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